Abstract: Urban landscapes can be transformed by widespread abandonment from population and economic decline. Ecological assembly, sometimes referred to as "greening", following abandonment can yield valuable ecosystem services, but also can pose a risk to public health. Abandonment can elevate zoonotic vector-borne disease risk by favoring the hyperabundance of commensal pests and pathogen vectors. Though greater biodiversity in abandoned areas can potentially dilute vector-borne pathogen transmission, "greening" can elevate transmission risk by increasing movement of pathogen vectors between fragmented areas and by giving rise to novel human-wildlife interfaces. Idled and derelict infrastructure can further elevate disease risk from vector-borne and water-borne pathogens, which can build up in stagnant and unprotected water that maintenance and routine use of delivery or sanitation systems would otherwise eliminate. Thus, framing "greening" as inherently positive could result in policies and actions that unintentionally exacerbate inequalities by elevating risks rather than delivering benefits. As counter-urbanism is neither a minor pattern of urban development, nor a short-term departure from urban growth, homeowner and municipal management of abandoned areas should account for potential hazards to reduce health risks. Further socioecological assessments of public health risks following abandonment could better ensure the resilience and well-being of communities in shrinking cities.
Introduction
Counter-urbanizing landscapes can be transformed by widespread abandonment resulting from rapid economic and population decline [1, 2] . Counter-urbanization has been increasing over the last 50 years, with approximately 370 cities worldwide of ě100,000 residents having now experienced population loss of more than 10% [3] . Most instances of loss have occurred in developed countries. For example, there are more than 70 shrinking cities in Europe, and a comparable number (92) of counter-urbanizing cities are located in the United States (US) [4, 5] . Although most cities encompass some vacant land and properties due to turnover of homeownership, counter-urbanizing cities exhibit much higher rates of abandonment and vacancy [6] . According to the 2010 Census, US cities with declining populations had a notably higher percentage of vacant properties than those experiencing population growth ( Figure 1 ) [7] . The relationship between vacancy rate of private lots and human population change in 450 of the largest US cities (defined as census places, which only accounts for population size within city limits) by population size. Characteristic counter-urbanizing (red) and urbanizing cities (green) are highlighted [7] .
Counter-urbanizing landscapes often bear the legacy of past habitation but are also shaped by ongoing municipal land management practices [8] [9] [10] . Though some features are widely sharedsuch as patchy mixtures of occupied and abandoned structures alongside the emergence of "ruderal" or "spontaneous" vegetation-counter-urbanizing landscapes do not necessarily follow parallel trajectories due to socioeconomic and cultural heterogeneity within and among cities [11, 12] . For example, the diversity of tree assemblages has increased in the Lower Ninth Ward of New Orleans (LA, US) due to the rise of invasive species following flooding disturbance and limited landscape management triggered by Hurricane Katrina [9] . However, in neighboring St. Bernard Parish (LA, US), which was also redefined by precipitous population loss, regular and systematic maintenance of abandoned lots has inhibited the emergence of opportunistic species [9] . Evidence of contrasts elsewhere emphasizes how implementation of assertive public policy can mediate socioecological outcomes of counter-urbanization [13] .
The structure of counter-urbanizing landscapes differ from those that arise from urbanization and suburbanization such as concentric ring and core-periphery configurations [14] [15] [16] . Nonetheless, counter-urbanization is still often framed by prevailing conceptual models that portray ecosystem outcomes as uniformly distributed along gradients of human population density [14, 17] . Features of counter-urbanizing landscapes (Figure 2 ), like abrupt shifts between habitation and abandonment, more closely correspond to predictions of hierarchical patch dynamic models. Patch dynamic theory, which accounts for non-linear heterogeneity [18] [19] [20] , builds on the theory of island biogeography to address and quantify interactions across habitat and ecosystem mosaics [21] . In human-dominated systems like cities, patches can be defined biologically (i.e., species assemblages), physically (i.e., soils, topography and built structures) and socially (i.e., the spatial and temporal clustering of human activities) [21] . Patches also can be defined according to the pace of change over time, ranging from rapid progressions (e.g., rush hour traffic) to more measured developments (e.g., neighborhood recovery) that influence ecosystem structure and function [22] . Counter-urbanization also conforms to transdisciplinary models of coupled human and natural system dynamics that consider ecological and sociocultural processes to be reciprocal and inextricably linked [23] . This is well illustrated by the often disproportionate distribution of abandoned and vacant lots in low-income areas of counterurbanizing cities ( Figure 2 ) [24] , which can be reinforced by discriminatory public policies that stymy economic (re)development [9, 25] . The relationship between vacancy rate of private lots and human population change in 450 of the largest US cities (defined as census places, which only accounts for population size within city limits) by population size. Characteristic counter-urbanizing (red) and urbanizing cities (green) are highlighted [7] .
Counter-urbanizing landscapes often bear the legacy of past habitation but are also shaped by ongoing municipal land management practices [8] [9] [10] . Though some features are widely shared-such as patchy mixtures of occupied and abandoned structures alongside the emergence of "ruderal" or "spontaneous" vegetation-counter-urbanizing landscapes do not necessarily follow parallel trajectories due to socioeconomic and cultural heterogeneity within and among cities [11, 12] . For example, the diversity of tree assemblages has increased in the Lower Ninth Ward of New Orleans (LA, US) due to the rise of invasive species following flooding disturbance and limited landscape management triggered by Hurricane Katrina [9] . However, in neighboring St. Bernard Parish (LA, US), which was also redefined by precipitous population loss, regular and systematic maintenance of abandoned lots has inhibited the emergence of opportunistic species [9] . Evidence of contrasts elsewhere emphasizes how implementation of assertive public policy can mediate socioecological outcomes of counter-urbanization [13] .
The structure of counter-urbanizing landscapes differ from those that arise from urbanization and suburbanization such as concentric ring and core-periphery configurations [14] [15] [16] . Nonetheless, counter-urbanization is still often framed by prevailing conceptual models that portray ecosystem outcomes as uniformly distributed along gradients of human population density [14, 17] . Features of counter-urbanizing landscapes (Figure 2 ), like abrupt shifts between habitation and abandonment, more closely correspond to predictions of hierarchical patch dynamic models. Patch dynamic theory, which accounts for non-linear heterogeneity [18] [19] [20] , builds on the theory of island biogeography to address and quantify interactions across habitat and ecosystem mosaics [21] . In human-dominated systems like cities, patches can be defined biologically (i.e., species assemblages), physically (i.e., soils, topography and built structures) and socially (i.e., the spatial and temporal clustering of human activities) [21] . Patches also can be defined according to the pace of change over time, ranging from rapid progressions (e.g., rush hour traffic) to more measured developments (e.g., neighborhood recovery) that influence ecosystem structure and function [22] . Counter-urbanization also conforms to transdisciplinary models of coupled human and natural system dynamics that consider ecological and sociocultural processes to be reciprocal and inextricably linked [23] . This is well illustrated by the often disproportionate distribution of abandoned and vacant lots in low-income areas of counter-urbanizing cities ( Figure 2 ) [24] , which can be reinforced by discriminatory public policies that stymy economic (re)development [9, 25] . Qualities of counter-urbanization also differ from conditions in urban and suburban areas. Even features held in common may exhibit distinct qualities. "Green" landscape elements are often highly valued in urbanizing areas, for example, but are not always beneficial to remaining residents in counter-urbanizing areas ( Figure 2 ) [1, 2, 6, 26] . Increases in greenspace due to abandonment can yield an array of ecosystem disservices and hazards. For instance, "greening" is not necessarily favorable if communities are dominated by species that harbor commensal pests [27] . "Greening" may also be hazardous to human health by encouraging disease transmission at novel human-wildlife interfaces and through deterioration of built infrastructure [28, 29] . Accordingly, greenspace should be viewed as more than "service-providing units" when assessing outcomes arising from population loss and abandonment [30] . This is of particular concern in low-income and vulnerable communities where abandonment is often disproportionately concentrated (Figure 2) .
Despite increasing interest in urban resilience and counter-urbanization [1, 6] , the socioecology of population de-concentration and abandonment is not well understood [10] . In particular, little is known about the conditions that govern communicable disease risk as counter-urbanization unfolds [31] . Examining the socioecological processes associated with counter-urbanization and potential linkages with vector-borne and water-borne disease [32] can engender more effective policies to ensure community resilience and well-being. As a first step towards this goal, here we pose and address three related questions: (1) How does counter-urbanization differ from suburbanization and urbanization? (2) How is abandonment different from other forms of urban greening? (3) How can abandonment influence communicable disease risk? We address these questions by first contrasting counter-urban landscapes with urban and suburban landscapes. We then assess the configuration, socioecological composition, and perception of greenspace resulting from abandonment. Lastly, we consider how ecological, physiographic and infrastructure conditions arising from abandonment can influence exposure risk to zoonotic and water-borne pathogens.
Counter-Urbanization: Legacies, form, Ecosystem Structure and (Dis)services
Human settlement and associated land use change (i.e., changes in patch size and infrastructure development) can drive urban ecosystem dynamics. The development of a neighborhood, for instance, can interrupt bird nesting patterns and the construction of greenways along roads can facilitate dispersal by increasing connectivity [12, [33] [34] [35] . By extension, human demographic changes and the associated balance of space and resources can govern variation in patch structure, landscape connectivity, and biodiversity in cities [12, 36, 37] . Associated aspects of human demography distinguish counter-urbanization from other widely recognized urban forms, including urbanization and suburbanization [34] . For example, a decrease in population density accompanying land abandonment can increase ecosystem connectivity in counter-urban areas, which can subsequently increase species diversity through the immigration of invasive and disturbance tolerant species. This is well illustrated by spider communities across abandoned lands in Cleveland (OH, US), which have become dominated by a diverse array of disturbance-tolerant genera and highly dispersive colonizers [38] . In contrast, reductions in human population density in suburban areas are often accompanied by increased land development, which tends to lower species diversity by producing fragmentation and edge effects [34] . Other distinctive features of landscape legacies, ecosystem structure, and community assembly further distinguish counter-urbanization from other urban forms.
Landscape Legacies and Urban Forms
The nature and influence of landscape legacies on vital ecosystem processes differ among urban forms [15, 19] . Legacies arise from the history of land use and land cover change that alter patch configurations (e.g., remnant greenspace, parks, buildings) and related ecosystem processes. Spatial variability in the orientation of buildings and artificial surfaces, for example, can dictate the physical space available for vegetation and habitat along with associated ecosystem services like water storage and temperature moderation [8, 39] . Fragmented greenspace and impervious cover (i.e., pavement, impenetrable material, compacted soil) are emblematic of densely populated urbanizing areas [40] . Natural variability (e.g., hydrological cycles) is often more highly constrained in urban areas through topographic modification [12] . Suburban areas on urban fringes, which are characterized by more widely dispersed human populations, often exhibit less impervious land cover with larger patch fragments and habitat corridors [36] that correspond to highly managed greenspaces (e.g., lawns, gardens, and parks) embedded within remnant agricultural and forested lands as a consequence of encroachment. Counter-urbanizing areas exhibit some superficial similarities with suburban areas, but suburban and counter-urban landscapes follow contrasting trajectories. For instance, both suburban and counter-urban areas can be dominated by open areas interspersed with built infrastructure. However, unlike suburban areas, counter-urban conditions are largely attributable to the cessation or reversal of intensive land use in urban areas, which is followed by infrastructure degeneration and growing aggregations of abandoned or vacant property [1, 8] .
Ecosystem Structure, Function, and (Dis)Services
Shifts in human demography also can shape the structure and function of urban ecosystems by governing habitat and resource availability [41, 42] . Human settlement, along with regional physiogeographic factors, can determine the spatial configuration, or morphology, of an urban ecosystem [36] . Though cities are often portrayed as homogeneous environments, variation in human settlement can translate to regional and system-wide differences in urban morphology. Urbanizing areas, for example, are generally associated with an overall decrease in tree canopy cover [12] . Counter-urban and suburban areas exhibit notable similarities at a regional scale, including the configuration of human-wildland interfaces. Juxtapositions formed through suburban development of forested and agricultural areas tend to increase human-wildlife interfaces [43] , as do mosaics of occupancy and abandonment in counter-urban areas [9] . At the patch level, however, distinct and variable conditions are created by different landscape legacies and trajectories [44] . Block-by-block, ecosystem processes can differ among suburban and counter-urban areas that exhibit parallel morphologies. Comparisons in eastern Germany illustrate how a block of greenspace can vary greatly in vegetation structure and associated functions, such as nutrient cycling [45] , among areas experiencing population growth or decline [37] .
By influencing ecosystem structure and function, urban morphology can determine the distribution and availability of ecosystem services and disservices (hereafter referred to as "ecosystem (dis)services"). For example, tree canopy cover-which is widely viewed as an amenity or source of ecosystem services [46, 47] -can be unevenly distributed within cities according to the balance of pervious and impervious surfaces, parcel size, and population density [48] [49] [50] [51] [52] . A vegetation survey in New York City (NY, US) found, for instance, that public rights of way and residential areas had a higher percentage of tree canopy cover than vacant lands [35] . Additionally, the distribution of tree canopy cover can reflect prevailing patterns of sociopolitical inequality and discriminatory land management policies [48, 49, 51] . Patterns of inequality are not always readily evident, however, because of temporal lags and discontinuities (e.g., changes in tree canopy often unfold over a longer period of time than shifts in population demography). Legacies therefore may have as much influence on vegetation characteristics as present socioeconomic status or ongoing land management in a given area of interest [35] . This is well illustrated by the distribution of tree canopy cover in Baltimore (MD, US), which is largely associated with higher socioeconomic status, except for some lower income neighborhoods where higher canopy cover is attributable to legacies of decades-old plantings [53] . By extension, urban morphology can affect related ecosystem (dis)services, including amenities like carbon sequestration, harborage of more diverse ecological communities, and mitigation of air pollutants and the heat island effect. Consideration of the heat island effect illustrates the extent to which the prevailing urban morphology governs ecosystem (dis)services. Highly-urbanized areas with dense populations are generally hotter and exhibit a reduced temperature range due to elevated night-time minimum temperatures [54] . Phoenix (AZ, US) exemplifies this condition; temperature in the metropolitan area has increased with population growth. Baltimore, on the other hand, has experienced declining temperatures accompanying a decline in population, as well as infrastructure loss and a higher density of greenspace [54] .
The balance of ecosystem (dis)services also can be contingent on the maintenance and use of municipal infrastructure, like storm water and drinking water systems, which can have considerable influence on the socioecological structure of a city. Aging water infrastructure and sewer systems in older cities can intensify runoff and contaminant loads (e.g., through combined sewer overflow events) [55] . Some cities have taken steps to manage runoff and improve drainage. For example "off-lining" runoff with greenspace (i.e., green infrastructure) has been pursued to increase storm water retention and decrease overflow events [6] . Socioeconomic constraints can, however, hinder improvement and implementation of innovative management strategies, especially in communities experiencing a declining tax base due to population loss, as in St. Bernard Parish (LA, US) and Flint (MI, US) [25] .
Counter-Urbanization and Abandonment
Abandonment is a manifestation of counter-urbanization. Abandoned areas are often (but not always) fully released from human intervention [56] . Abandonment is by no means a phenomenon restricted to counter-urban areas. Parallels can be found elsewhere, such as old fields in fallow farmland and transitional zones in urbanizing areas [57, 58] . To some degree, nearly all cities harbor isolated patches of abandonment, but counter-urbanizing cities encompass broader mosaics of abandonment bearing the legacy of past use [8] . Abandonment is a landscape transformation that may also be sustained by a declining tax-base and limited potential to attract financial investment [8, 24] . Thus far, few studies have examined abandonment resulting from counter-urbanization, but comparisons of planned and un-planned greenspaces suggest that release from human intervention does not necessarily restore ecosystem functioning or services [59] . Intentional "re-greening" of abandoned areas also often falls short of desired outcomes; a meta-analysis suggests that restoration typically only results in modest increases in desirable biodiversity (e.g.,~45%) and associated ecosystem services (e.g.,~25%) [60] . Similar inferences have been drawn from assessments of ecological conditions associated with farmland abandonment and isolated urban vacancies [8, 61] .
Urban Versus Counter-Urban "Greening"
A spectrum of managed-to-unmanaged greenspace can be found in most cities. Urbanizing areas tend to be dominated, however, by managed greenspace, which comes in a variety of forms including gardens, parks, green corridors like roadside vegetation as well as sidewalk plantings and trees, golf courses, sports grounds, and green roofs. Counter-urban areas, in contrast, harbor more unmanaged and abandoned greenspaces, which include vacant lots, brownfields, unmaintained infrastructure, demolition sites, as well as remnant areas peripheral to woodlands and waterways.
"Greening" is often cast in a favorable light in public policy and urban planning [29] , with a focus on valued services gained by nearby residents and communities [26, 29, 55] . Managed greenspaces (e.g., gardens, parks, street trees) can deliver a rich portfolio of ecosystem services including storm water management, urban agriculture, and psychological benefits, as well as elevating the diversity of valued plants and arthropods [12, 26] . Though often framed otherwise, increases in greenspace do not always result in favorable outcomes, particularly in counter-urbanizing areas with concentrations of abandonment [1, 2, 6, 26] . "Greening" can yield an array of ecosystem disservices. Unmaintained vegetation can harbor commensal pests, for instance, including species that function as pathogen vectors or reservoirs [9, 55] . Nonetheless, there is a persistent tendency for emphasis to be placed on measures that sound favorable (e.g., the diversity of vacant lots is generally greater than managed greenspaces) without appropriate sociocultural context [9] . For example, neighborhoods in New Orleans that were severely flooded following Hurricane Katrina harbor more diverse plant and vertebrate communities, but the dominance of ruderal plants and prevalence of feral animals has sparked public safety and health concerns [9] . Thus framing "greening" as inherently positive in urban management and city planning [29] could result in actions that unintentionally exacerbate inequalities by elevating risks rather than delivering benefits [37] .
Configurations and Perceptions of Abandonment
Patterns of abandonment may differ depending on the factors leading to population or economic decline in counter-urbanizing cities, but common configurations include the doughnut pattern as observed in US cities. This pattern reflects densely populated city centers hollowing out as people move elsewhere (Figure 2 ), leaving the city center more sparsely populated and characterized by brownfields and vacant lots [62] . On the other hand, many shrinking cities in eastern Europe exhibit a mosaic pattern, where abandonment is more widespread due to uneven vacancy, emigration, and targeted demolition [37] . Positive feedbacks can undergird or intensify both configurations, as abandonment can attract illegal activities (e.g., waste disposal) that elicit unfavorable perceptions [62] . The visual aesthetic of unmanaged emergent vegetation can, by itself, create a social stigma in neighborhoods with concentrations of abandonment, depressing property values and reinforcing capital disinvestment [29, 63, 64] . Indeed, some consider widespread abandonment to be symptomatic of feedbacks between weak real estate prices and municipal land management practices that are fueled by social stigma [8, 9, 49] .
Abandonment and Assembly
Abandonment spurs dynamic assembly of urban plant and animal communities that can yield novel or alternate states of equilibrium [65] . Abandonment has been characterized as a phase in a cyclical progression of occupation, decline and reoccupation [66] , but lags and legacies can interact with ongoing management to produce non-linear outcomes. Legacies and intermittent or regularly recurring disturbance from management interventions (e.g., mowing) can, however, prevent communities from achieving equilibrium [67] . Disturbances that generate or act on abandoned areas also can be acutely punctuated or unfold over decades. For example, a catastrophic disturbance (e.g., a flood, earthquake, or hurricane) can transpire over a matter of minutes to days, whereas subsequent recovery typically proceeds over years to decades. Similarly, steady economic decline can result in a slow progression of land use change.
Though species abundance and community composition can vary greatly from patch to patch within cities [56] , regional differences in ecological communities are readily evident between managed and unmanaged lands. Managed lands reflect "facilitated assembly", which is intentional manipulation of species occurrence and abundance via localized management for food production, gardening, and other aesthetic outcomes [44] , whereas unmanaged lands reflect "self-assembly" [17, 62] . Urban areas, which generally harbor lower diversity, are predominantly characterized by facilitated assembly of highly discontinuous, ornamental and non-native plant communities with little to no grassland components [68] . Suburban areas are characterized by facilitated assembly of curated ornamental plants and grasslands spanning larger parcels of private land bordering wildlands. Communities in counter-urban areas are more often a product of self-assembly. Abandoned areas typically exhibit higher spatial and temporal variability as a consequence of rapid turnover of curated human-maintained plant species following release from management [56] . Abandoned areas often progress through stages that initially resemble grasslands, and depending on geography and management regime, proceed to resemble secondary forest dominated by opportunistic and invasive species [6, 9] .
The close proximity and sometimes-coincident footprints of counter-urban ecological and societal communities increase the likelihood that interactions influence assembly. Assembly in counter-urban landscapes can thus also be viewed as a coupled dynamic, with outcomes (e.g., diversity) being contingent on site legacy, shared responses to common drivers, and interactions. Coupled assembly can involve both stochastic and deterministic processes such as competition, facilitation, initial conditions, evolutionary history, and resource availability [41, 42, [69] [70] [71] [72] [73] [74] [75] . For example, a catastrophic disturbance (e.g., flooding) can establish initial conditions with subsequent community formation shaped by interactions, such as cultivation of species that provide valued services (e.g., reforestation to moderate heat exposure). Coupled assembly therefore can be viewed as an operational form of socioecological transformation, where "ecological" and "societal" factors are reciprocally related [76] , and where humans are agents of change [34, 77] .
Following a punctuated disturbance or the onset of progressive disturbance, assembly in an abandoned area typically commences with demolition or release from management. Assembly can be shaped by the removal of built structures and deposition of waste, which can affect microclimate, local topography and patch qualities like soil composition and hydrology [78] . Management intensity, patch size and configuration, resource availability, regional diversity, and vagility of assembling species can further mediate community formation [79] . Plant community composition, diversity, and productivity in vacant lots across Baltimore, for example, can depend as much on whether the lot fell within the footprint of a demolished building as natural mechanisms like species area relationships and dispersal [67] .
Despite the range of factors shaping assembly, it is possible to identify a few broadly generalizable features of community composition in abandoned areas. Abandoned areas like brownfields and remnant private yards typically harbor greater plant species richness [62, 79] , and exhibit greater site-to-site variability than managed areas [17, 62, 67, 80] . Though invasive and pest species are often dominant, abandoned areas also can provide habitat for rare species [9, 81] . Invertebrate and vertebrate community composition often reflect underlying ecosystem structure and plant community composition [81] that dictate the distribution and availability of habitat and other vital resources [61] . For example, plant diversity can influence the abundance of natural enemies (i.e., parasites, predators) [79, 80, 82] . This is well illustrated in patterns of urban arthropod diversity [56, 83] . Landscape modifications that govern fragmentation and patch mosaics (e.g., age, size and configuration) can further alter faunal communities by changing behavioral and ecological interactions including ease of movement, interspecific competition and habitat preferences [56, [84] [85] [86] . Deer densities, for instance, can be elevated by greater human-wildland interfaces that provide greater shelter and food sources and reduced predation pressure [12] .
Abandonment and Infrastructure Decline
Population loss can upset the balance of municipal services and revenue [8] . Similar to cities experiencing rapid population gain, cities experiencing population decline suffer mismatches between population size and capacity, which may leave residents without basic services [8] . Like rapid urbanization, counter-urbanization can reduce the efficiency of scale and availability of tax-reliant services like policing, fire protection and infrastructure maintenance. Unlike rapid urbanization, counter-urbanization results in an excess of unmaintained or idled infrastructure due to the patchy distribution of residency [8] . Though services that involve soft costs (e.g., staffing) can be scaled back to match demand, it is challenging to disinvest in or decommission infrastructure that was built to service a larger population [8] . Sidewalks, streets, and other service-providing infrastructure like municipal storm sewers, sanitary sewers and water supply lines are sunk capital assets that cannot be readily withdrawn or re-scaled to reflect a redistributed or smaller population [8] . With a declining tax-base, counter-urbanizing cities may struggle to support unused infrastructure or once-private infrastructure that entered the public domain due to abandonment [87] . Eventual outcomes include accumulated public expense, higher utility fees, and deteriorating infrastructure. This can, in turn, yield outcomes like reduced water quality that lead to public health concerns.
Neglect or limited use of service-providing infrastructure can influence ecological communities and the balance of ecosystem (dis)services in counter-urban areas. Idled or degraded infrastructure in abandoned areas-including areas with managed landscapes that have experienced population loss-can increase the availability of habitat supporting commensal pests and pathogen vectors [84, 85] . For example, standing water that collects in container habitats, like tires and poorly drained depressions, can support mosquito larvae [85] . In areas of New Orleans that experienced rapid population loss following Hurricane Katrina, abandoned swimming pools also greatly increased the presence of mosquito larvae [84, 85] . Illegal dumping of litter and food waste that often accompanies abandoned infrastructure can similarly sustain larger populations of other pests including pathogen vectors like rats, which can elevate disease transmission [86] . Additionally, neglect or limited use of water and sewage systems can create conditions favorable to the build-up of water-borne contaminant loads and pathogens [88, 89] .
Counter-Urbanization, Abandonment and Human Health
Though it is becoming well understood that socioecological factors can govern disease transmission in cities [90] , little work has been done to determine how counter-urbanization influences exposure risk. Inferences can be drawn, however, from work done on zoonotic and water-borne infectious disease dynamics in urban areas undergoing relevant demographic transitions (Figure 3 ). More than 75% of emerging infectious diseases (EID)-including those that prevail in cities-are vector-borne and zoonotic in origin [90] . EIDs frequently arise as a consequence of spillover from natural host-pathogen cycles, and often involve pathogens that have recently increased in geographic or host range, abundance and intensity (e.g., malaria, dengue, etc.) [90] . Vector-borne zoonotic diseases involve an intermediate species that harbors and transmits a pathogen to a host population. Common vectors and hosts in cities include arthropods, rodents and bats [91] . Many EIDs are considered complex multi-host systems, where transmission is contingent on host competency and spatiotemporal variability in potential interactions [92] . The drivers behind occurrence or re-occurrence of EIDs are complex, yet most can be traced to some form of anthropogenic change or disruption [93, 94] . cities-are vector-borne and zoonotic in origin [90] . EIDs frequently arise as a consequence of spillover from natural host-pathogen cycles, and often involve pathogens that have recently increased in geographic or host range, abundance and intensity (e.g., malaria, dengue, etc.) [90] . Vector-borne zoonotic diseases involve an intermediate species that harbors and transmits a pathogen to a host population. Common vectors and hosts in cities include arthropods, rodents and bats [91] . Many EIDs are considered complex multi-host systems, where transmission is contingent on host competency and spatiotemporal variability in potential interactions [92] . The drivers behind occurrence or re-occurrence of EIDs are complex, yet most can be traced to some form of anthropogenic change or disruption [93, 94] . 
Cities and Emerging Infectious Disease
There is an assortment of conditions in cities that can interrupt host-pathogen dynamics and increase risk of zoonotic disease transmission [95] . Urbanized areas tend to elevate the threat of EIDs due to proximate socioenvironmental drivers of disease emergence including: Increased human movement and population density, air pollution, drinking water and sanitation system insecurity, limited access to health care services, as well as rapid land use and socioeconomic change [94] [95] [96] . By modifying transmission dynamics, these conditions can result in a cascade of interacting factors that disrupt the interplay between pathogens, hosts, and the environment [97] . A range of ecological mechanisms also have been linked to disease emergence in cities, including increased host range and community composition, availability of habitat for pathogens and vectors, as well as elevated contact rates [98] . However, few studies have been conducted on EIDs that extend beyond narrow geographic footprints and concerns of increasing human populations, as opposed to counter-urbanization [34,99,100].
Counter-Urbanization and Emerging Infectious Disease
Though the effects of counter-urbanization on EID risk remain poorly studied [59, 97] , it is clear that disease dynamics can be altered by socioeconomic transitions that bring about behavioral modification alongside changes in land management and access to service-providing infrastructure. This suggests that counter-urbanization can spur disease emergence because occupancy becomes juxtaposed with abandonment, resulting in novel human-environment interfaces shaped by management release and infrastructure degradation [93] . Re-greening and community assembly also can allow for altered population dynamics, habitat shifts, and increased contact rates between humans and pathogens or pathogen vectors.
Studies of highly pathogenic avian influenza (HPAI) outbreaks across Vietnam illustrate how relevant socioecological transitions can drive disease emergence [101] . Peri-urban areas of Vietnam were found to be outbreak "hot spots" of HPAI, which is a poultry-associated disease linked to the H5N1 Avian influenza virus [101] . Peri-urban areas in Vietnam encompass socioecological transitions that elevate contact with commensal hosts, such as high levels of poultry diversity and livestock production shifting to residences, and patchwork configurations of land conversion and neglect [102] . The spatial coincidence of other factors associated with transitioning peri-urban areas include greater refuse, standing water, intensive land use and changes in land management [101, 102] . Many of these conditions reflect the fluid demography, driven by high mobility (i.e., immigration and emigration), of peri-urban areas. Parallels can be readily drawn between peri-urban and counter-urban areas, which highlights the potential for abandonment and infrastructure decline to drive disease emergence (Table 1 ). It also indicates that elevated disease transmission risk is not an accident of time and place, but rather the product of identifiable change. 
Abandonment, Biodiversity and Emerging Infectious Disease
It is often suggested that lower biodiversity in cities reduces ecosystem functioning, which in turn can disrupt ecosystem services and human well-being. High biodiversity is widely considered to be a favorable attribute because it can proffer greater functional redundancy [128, 129] and resilience [13, 130] , akin to portfolio financial management in which a diverse investment portfolio buffers against acute and destabilizing change [131] . Greater biodiversity may also increase the availability of valued services and resources [13, [132] [133] [134] . Additionally, diversity may enhance capacity for adaptation [131, 135, 136] . For example, spatial heterogeneity can regulate flows and cycles of critical resources within ecosystems [137] . Lower diversity can, however, sometimes result in greater socioecological resilience and lower health risks [138] [139] [140] [141] .
Biodiversity should not be considered inherently beneficial, particularly when considered without regard to community composition. Abandoned areas and unmanaged greenspace have been found to harbor greater biodiversity than managed greenspace, but unmaintained areas can proffer greater harborage of commensal pests, including pathogen vectors [9, 37, 55] . Biodiversity thus can be an indicator of potential hazards rather than valued services. This sentiment is well reflected in management of abandoned or depopulated areas (e.g., mowing), which often aims to constrain rather than enhance diversity. Biodiversity may be deliberately suppressed when real or perceived risks exceed benefits to human health and well-being, and management interventions intended to reduce risk may iteratively reinforce (i.e., via species removal) rather than restore biodiversity.
Outcomes of abandonment could very well run contrary to increasingly contentious "biodiversity protects against disease" paradigm [104, 142] , which emphasizes the potential for a dilution effect (and the related phenomenon of zooprophylaxis) to lower transmission rates in humans by diverting transmission to other less competent hosts [100] . A dilution effect may occur if an increase in faunal diversity reduces the assemblage of transmission-competent hosts with non-competent hosts; thus the probability of vectors feeding on transmission-competent hosts declines and the abundance of infected vectors is also lowered [100] . This assumes, however, that the total abundance of vectors in a system does not vary. Critics of the "dilution effect" paradigm argue that the likelihood of dilution or amplification of disease transmission depends more on community composition than shifts in diversity [100, 143, 144] .
Zoonotic infectious disease emergence also can be viewed as a consequence of socioecological disruption of natural host-pathogen interactions (Figure 3) , where relationships that regulate and stabilize relative abundance break down. From this, we can posit that heterogeneous or asymmetric community (re)assembly in times or areas of urban transition, particularly under conditions involving land use change, can foster disease emergence (Table 1) . This is consistent with evidence suggesting that disease dynamics may be highly heterogeneous in both space and time, especially in multiple host and vector systems with varying competency levels [100, 145] , where increased abundance of a particular host (or subset of hosts) may result in amplification rather than dilution [59, 145] . The net effect of host diversity on disease emergence thus can become a function of vector versus host abundance [92] . Due to the potential complexity of these systems, individual relationships between vector(s) and host(s) become crucial to predicting outcomes [146] , therefore diversity measures alone may not predict disease transmission as accurately as other measures of community composition in counter-urbanizing cities [100, 147] .
Abandonment and Exposure Risk
Exposure risk to vector-borne pathogens can parallel abandonment, which can shift the quality of local conditions to favor commensal pests and pathogen vectors [30, 31, 62] . Studies of rodents, for example, have found that larger populations are associated with conditions of abandonment, possibly due to greater availability of nesting and breeding sites [132, 133] . A citywide investigation in New York City found that proximity to greenspace and prevalence of older or vacant housing units accurately predict rat sightings [142] . Similarly, comparisons of census records and land use to trapping-based estimates of rodent demography indicate that species diversity and densities are elevated in neighborhoods of New Orleans with concentrations of abandonment due to flooding following Hurricane Katrina [148] . Increased rodent species richness and abundance may permit the presence of greater pathogen diversity [86, 149, 150] because different rodents harbor different pathogens, though some species can be co-infected with multiple pathogens including Leptospira, Babesia and Hantaviruses [150] . Because rodent-associated pathogens are generally spread by direct contact, inhalation and ingestion of rodent saliva, urine and feces [151] , exposure risk can increase with the abundance and density of infected rodents, particularly when human-wildlife interfaces favor greater contact [152] .
Exposure risk to mosquito-borne pathogens also likely parallels abandonment [30, 113, 114] . Microclimatic changes that arise with dereliction support common urban pest species including the Asian tiger mosquito (Aedes albopictus (Skuse)) and northern house mosquito (Culex pipiens L.) that are associated with the emergence of West Nile Virus, Dengue virus and Chikungunya virus across cities in the Eastern and Southern US [30] . Mosquito abundance is associated with availability of suitable habitat including vegetation, water-filled containers, and proximity to standing water [30] . Therefore abandoned areas, especially areas with vacant buildings in disrepair, can increase mosquito habitat availability. This is well illustrated by a study of Baltimore which found that mosquito breeding habitat availability (e.g., tires, roofless buildings, semi-permanent trash receptacles) is greater on blocks with more abandonment, and that the distribution of abandonment across Baltimore increases contact rates between remaining residents and mosquitos [114] . Similarly, abandoned swimming pools have been found to increase mosquito breeding habitat availability in New Orleans and California [85, 113] .
The configuration of abandonment-separate from (or in addition to) factors contributing to habitat quality-can also elevate pathogen transmission and exposure risk. For instance, whether alone or in aggregate, abandonment can increase exposure risk through resource clumping. For hosts like rodents and mosquitos, vital resources (i.e., food, water, shelter, breeding sites) are more likely to be aggregated in abandoned areas than in surrounding urban or natural landscapes. Clumping of resources can elevate contact rates between pathogen vectors, promoting disease transmission [151, 153] . A manipulation experiment involving raccoons illustrated that resource clumping resulted in greater contact rates, and that greater contact rates are associated with greater prevalence of endoparasites [135, 140, 154] . Pathogen transmission can also be elevated in areas with greater edge habitat between abandoned and occupied areas. For example, increased edge habitat amongst contrasting land uses in New York is associated with higher incidence of giardiasis [101] , which is a common intestinal parasite infection caused by consumption of contaminated drinking water [108, 155] . Similar spatial relationships involving ecotones, fragmentation and heterogeneous resource availability have been associated with other zoonotic infections, including Lyme disease (Table 1) [108, 156] .
Infrastructure Decline and Exposure Risk
According to the US Waterborne Disease and Outbreak Surveillance System, the largest challenge to the safety of drinking water in the US is the burden of maintaining infrastructure [157] . Public water systems supply drinking water to approximately 87 percent of US households, with higher rates in cities [158] . Operation and maintenance of water delivery systems, particularly systems with infrastructure built for high demand, requires municipalities to meet a minimum revenue threshold [8] . If the threshold is not met, cities may defer structural maintenance, which can result in leaking pipes, water breaks or power outages that can compound water insecurity over time. For example, between 2005 and 2013, New Orleans experienced nine city-wide boil water advisories (BWA), which are issued in accordance with the Safe Drinking Water Act due to drops in pressure, pipe bursts, or detection of pathogens or contaminants [157] . Another shrinking city, Cleveland, experienced nine localized BWAs between 2008 and 2013 [158] . Cities of comparable size with stable or growing populations had few if any BWAs during the same period [157, 158] .
Complications from declining water infrastructure are by no means limited to counter-urbanizing cities, but the consequences can be more pronounced. For example, in an effort to reduce expenses, the city of Flint-a rust belt city that has experienced a steady decline in population since the 1960s-switched water sources from the Detroit Water and Sewerage Department to the Flint River in 2014 [159] . The switch elevated levels of toxic heavy metals in the local water supply by increasing corrosion of the aging delivery system, spurring a public health crisis [159] . Following the switch, Flint residents experienced increased rates of lead poisoning and an outbreak of Legionnaire's disease, a water-borne bacterial infection linked to unsanitary water supply [160, 161] . Similarly, disease outbreaks related to compromised water infrastructure have occurred in St. Bernard Parish (described below) and other shrinking cities across the US [157, 162] .
A Tale of Two Neighborhoods: Health Risks of Managing Abandonment and Depopulation in New Orleans
Two neighborhoods in the New Orleans metropolitan area-the Lower Ninth Ward and the adjacent section of St. Bernard Parish-clearly illustrate how management policies and decision-making that govern ecosystem dynamics can result in unanticipated public health hazards following population loss. The New Orleans metropolitan area lost an estimated 30 percent of its population between 1960 and 2005, and the 2010 US Census indicates that the population contracted by another 24% following Hurricane Katrina in 2005 [7] . One of the deadliest and most destructive hurricanes in US history, over 80% of the urbanized East Bank of New Orleans was flooded following Hurricane Katrina, with some parts of the city under ten feet of water for weeks. Flooding affected approximately 228,000 occupied housing units (45% of the metropolitan total) [163] . The extent of damage, however, varied from neighborhood to neighborhood, and recovery has been equally patchy [9, 146, 147] . The Lower Ninth Ward and St. Bernard Parish were both redefined by population loss and abandonment resulting from severe flooding. In the Lower Ninth Ward, which lost 60% of its population between 2000 and 2010 and has a vacancy rate of 44%, only 30% of housing has been recovered [7] . Almost 600 lots are currently under the management of the New Orleans Redevelopment Agency (NORA) [7, 9, 164] . Neighboring St. Bernard Parish (encompassing the municipalities of Arabi and Chalmette), which lost 85% of its population and has a 41% vacancy rate, has experienced a housing recovery rate of 51%, with more than 1000 lots currently under parish management [7] . Despite these similarities, the parish line represents a sharp boundary between contrasting socioecological conditions and associated public health concerns.
The Lower Ninth Ward and neighboring St. Bernard Parish exemplify potential outcomes of land management policies intended to address abandonment [9] . To date, NORA has only mown publicly owned abandoned lots in the Lower Ninth Ward. More limited management of privately owned lots has given rise to a mosaic of maintained grasslands surrounded by ruderal vegetation dominated by invasive trees and shrubs like Chinese Tallow [9] . The prevalence of abandoned lots in the Lower Ninth Ward (with associated hazards of derelict housing, unmanaged vegetation, and illegal dumping) has created a haven for commensal pests and thus has increased the potential contact rate between remaining residents and pathogen vectors like rodents and mosquitos [9, 30, 31, 49, 148] . Regular maintenance of all abandoned lots in St. Bernard Parish has inhibited the emergence of opportunistic species, resulting in urban grasslands interspersed with a low density of rebuilt homes [165] . Consequently, St. Bernard Parish supports vegetation comparable to neighborhoods that did not experience severe flooding [9] . Though maintenance of abandoned property in St. Bernard Parish has suppressed EID risk factors [9, 30, 31] , idled infrastructure has increased exposure risk to water-borne pathogens [25] . With a sharply reduced tax base, the parish has a financial burden of operating and maintaining infrastructure that far exceeds the demand of remaining households. The imbalance between demand and revenue has pressured the parish to reduce maintenance and use over time [166] . It is thought that this imbalance resulted in extended stagnation of drinking water lines, which can encourage growth of water-borne pathogens. Since 2011, the parish has experienced isolated cases of primary amebic meningoencephalitis (PAM), a fatal infection caused by Naegleria fowleri, a thermophilic water-borne amoeba [167] . PAM has been identified in the St. Bernard Parish drinking water distribution system, where poorly maintained water storage tanks are at risk of contamination, particularly during summer months [168] .
Implications

Socioecological Resilience and Environmental Justice
Though it is often considered a term laden with unfavorable connotation, counter-urbanization is not necessarily an affliction of inexorable decline [66] . Cities can experience reversals, even after decades of population loss or disinvestment. For example, Baltimore has recently experienced demographic and economic gains, as has New Orleans since 2010. It is nonetheless imperative that urban planning and policies account for outcomes of counter-urbanization that can impart a lasting legacy on inhabitants, including health risks linked to ecological shifts and infrastructure deterioration [19, 34, 169, 170] . Planning intended to reduce risk and ensure well-being of remaining residents should take careful stock of incongruencies with urban or suburban conditions, especially the nature of greenspace resulting from abandonment. Counter-urban systems present novel challenges that require distinct and sometimes innovative perspectives. Planning also should include consideration of potential non-linearities arising from socioecological feedbacks in order to avoid interventions that address short-term concerns but unintentionally generate long-term complications [170] . It thus could be advantageous to approach counter-urbanization as a coupled natural-human dynamic prone to unconventional epidemiological transitions and non-equilibrium behavior like pathogen outbreaks [90, 169, 171] .
Adopting a socioecological framework aligns with emerging theory on urban resilience (i.e., capacity to sustain shocks, like disasters, and maintain or rapidly return to functional capacity [130] [131] [132] [133] [134] [135] [136] [137] 172, 173] ), which provides a counterpoint to conventional models of urban planning. Unlike urban design theory and similar frameworks that focus on engineering resilience through modification of the environment to improve efficiency, precision and consistency [96, [172] [173] [174] , theory on socioecological resilience emphasizes the fluidity of demographic transitions, including stochastic shifts between alternative states of community composition driven by disruptions or disturbance [175] . Arguably, decision-makers would be better positioned to foster greater resilience by recognizing that population loss can be a vital factor that-alone or in conjunction with economic decline and ecological assembly-shapes the emergence and trajectory of challenging conditions (like abandonment) central to land management in cities [165] .
For theory on socioecological resilience to meaningfully inform urban planning and policy, it must be discussed in close relation to environmental justice [9, 49] . Concerns of environmental justice arise when communities do not "enjoy the same degree of protection from environmental and health hazards" or "equal access to the decision-making process to have a healthy environment in which to live, learn, and work" [176] . Many of the characteristic features of counter-urbanization, like abandonment, are disproportionally associated with low income and vulnerable populations (Figures 1 and 2) . Abandonment is also associated with population density (Figure 2 ), which suggests that it affects a disproportionate number of inhabitants in counter-urbanizing cities. By intensifying existing socioecological asymmetries (e.g., differences in tree canopy cover) [29, [47] [48] [49] 177, 178] , counter-urbanization can result in landscapes of escalating deficits in services like infrastructure delivery and environmental management. Absent of interventions intended to mitigate distributional inequalities, counter-urbanization can further marginalize affected areas and residents [49] . Thus addressing outcomes of counter-urbanization, including abandonment and accompanying health risks, falls under the broad umbrella of seeking environmental justice for affected communities [113, 114] . One step towards achieving this goal is to identify at-risk communities by mapping risk factors, like blighted and abandoned greenspace (Figure 4) , and to survey risk perception to better understand relationships between human behavior and potential health hazards. 
Planning for Decline?
Addressing counter-urbanization requires the development and execution of a coherent plan that accounts for population loss, landscape management and infrastructure, often under conditions of reduced revenue. The struggle to determine and reconstitute utilities, infrastructure and greenspace with shifts in demand can be compounded by concerns about racial and socioeconomic disparities, social justice, and resistance to change in affected communities. In cities like New Orleans and Detroit, consideration has been given to the controversial concepts of deferring, removing or clustering development to create more densely populated neighborhoods with a smaller footprint requiring fewer services and utilities. [164] . Sometimes referred to as "right-sizing", clustering strategies can encompass elimination of redundant roads and other infrastructure, to discontinuation of whole neighborhoods [5] . For example, the Detroit Blight Committee proposed a campaign aimed at relocating residents and closing off remaining space to create an ecological reserve [5] . These plans have not been fully implemented, however, because depopulated areas still retain substantial numbers of people-often low income, minority residents-with strong cultural links to their neighborhoods [179] . Other notable examples of clustering campaigns include the widely condemned Urban Land Institute (ULI) proposal for recovery of New Orleans following Hurricane Katrina [164] . The ULI proposal, widely referred to as the "Green Dot" plan, identified areas of the city that could be transitioned to greenspace for stormwater mitigation and other purposes. Condemnation of the ULI proposal and other efforts to organize citywide redevelopment resulted in an uncoordinated, "laissez faire" housing recovery policy that permitted and sometimes incentivized rebuilding in lowlying, vulnerable areas [180] . 
Addressing counter-urbanization requires the development and execution of a coherent plan that accounts for population loss, landscape management and infrastructure, often under conditions of reduced revenue. The struggle to determine and reconstitute utilities, infrastructure and greenspace with shifts in demand can be compounded by concerns about racial and socioeconomic disparities, social justice, and resistance to change in affected communities. In cities like New Orleans and Detroit, consideration has been given to the controversial concepts of deferring, removing or clustering development to create more densely populated neighborhoods with a smaller footprint requiring fewer services and utilities. [164] . Sometimes referred to as "right-sizing", clustering strategies can encompass elimination of redundant roads and other infrastructure, to discontinuation of whole neighborhoods [5] . For example, the Detroit Blight Committee proposed a campaign aimed at relocating residents and closing off remaining space to create an ecological reserve [5] . These plans have not been fully implemented, however, because depopulated areas still retain substantial numbers of people-often low income, minority residents-with strong cultural links to their neighborhoods [179] . Other notable examples of clustering campaigns include the widely condemned Urban Land Institute (ULI) proposal for recovery of New Orleans following Hurricane Katrina [164] . The ULI proposal, widely referred to as the "Green Dot" plan, identified areas of the city that could be transitioned to greenspace for stormwater mitigation and other purposes. Condemnation of the ULI proposal and other efforts to organize citywide redevelopment resulted in an uncoordinated, "laissez faire" housing recovery policy that permitted and sometimes incentivized rebuilding in low-lying, vulnerable areas [180] .
Though clustering can be an extreme and often impractical solution, redistributing and managing resources are recurring challenges that need to be addressed in counter-urbanizing cities. On-demand infrastructure is one possible strategy to integrate flexibility into counter-urban systems [5] . Transfer of vacant and abandoned property to neighborhood residents also can help alleviate municipal expenses. For example, tax-reverted (i.e., abandoned) properties in Flint transferred to adjacent property owners were more likely to be managed and less likely to enter into tax foreclosure than properties sold at auction [164] . However, the success of this approach can vary. Comparisons of the analogous "Lot Next Door" program across New Orleans, for example, indicate that the approach is more effective in neighborhoods with higher rates of occupancy and higher mean household income [164] . Further exploration and study of similarly minded measures are certainly warranted. As counter-urbanization is neither a minor pattern nor a short-term departure from urban growth, ensuring well-being in shrinking cities will require the development of prospective approaches to land management that reduce risk associated with abandonment and population loss.
